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ABSTRACT
We identify a counterpart to a Galactic supershell in diffuse radio polarisation, and use
this to determine the magnetic fields associated with this object. GSH 006−15+7 has
perturbed the polarised emission at 2.3 GHz, as observed in the S-band Polarisation
All Sky Survey (S-PASS), acting as a Faraday screen. We model the Faraday rotation
over the shell, and produce a map of Faraday depth over the area across it. Such models
require information about the polarised emission behind the screen, which we obtain
from the Wilkinson Microwave Anisotropy Probe (WMAP), scaled from 23 GHz to
2.3 GHz, to estimate the synchrotron background behind GSH 006−15+7. Using the
modelled Faraday thickness we determine the magnitude and the plane-of-the-sky
structure of the line-of-sight magnetic field in the shell. We find a peak line-of-sight
field strength of |B‖ |peak = 2.0+0.01−0.7 µG. Our measurement probes weak magnetic fields
in a low-density regime (number densities of ∼ 0.4 cm−3) of the ISM, thus providing
crucial information about the magnetic fields in the partially-ionised phase.
Key words: polarisation – ISM: magnetic fields – ISM: bubbles
1 Introduction
H i shells, bubbles, supershells, and superbubbles are large
structures in the interstellar medium (ISM) blown out by hot
OB star clusters and supernovae. Both a supernova and the
winds from a massive star in its main sequence lifetime will
each inject around 1051-1053 ergs into the ISM. These winds
and shocks ionise what will become the cavity of the shell,
and sweep out the neutral material (McClure-Griffiths et al.
2002). It is now understood that these objects are strongly
influenced by magnetic fields in their formation (Tomisaka
1990, 1998; Ferriere et al. 1991; Slavin & Cox 1992; Ntor-
mousi et al. 2017; Gao et al. 2015; Stil et al. 2009). Magnetic
fields both oppose the expansion of the shell from the exte-
rior, and prevent the collapse of the swept up shell walls
? E-mail: alec.thomson@anu.edu.au
(Ferrie`re 2001). H i shells have been discovered throughout
our Galaxy (Hu 1981; Koo et al. 1992; Maciejewski et al.
1996; Uyaniker et al. 1999; McClure-Griffiths et al. 2000,
2002, 2006; Pidopryhora et al. 2007; Heiles 1979), as well as
external galaxies. These objects play a large role in deter-
mining the dynamics, evolution, and overall structure of the
ISM (McClure-Griffiths et al. 2002).
Supershells and superbubbles are the largest classi-
fication of H i shells, with radii between 102 and 103 pc
(Heiles 1979). Such objects occupy an intermediate size-
scale within the ISM; a scale at which the role of mag-
netic fields in the magneto-ionic medium (MIM) is not well
understood. Supershells are most commonly found in H i
surveys, and appear as cavities in the neutral hydrogen
(e.g. McClure-Griffiths et al. 2002); but they can also have
multi-wavelength properties. Supershells can have associ-
ated emission in Hα, soft X-rays, far ultra-violet, polarised
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radio continuum, and 100 µm (Heiles 1979; Moss et al. 2012;
Heiles et al. 1999; McClure-Griffiths et al. 2001; Heiles 1984;
McClure-Griffiths et al. 2002; Ehlerova´ & Palousˇ 2005, 2013;
Suad et al. 2014; Jo et al. 2011; Reynolds et al. 1998; Boumis
et al. 2001; Jo et al. 2015). It is thought that once bubbles
expand far enough to break out of the gas of the Galactic
plane, the shell breaks open into a Galactic chimney, allow-
ing the flow of hot gas into the halo (Norman & Ikeuchi
1989). This transition from bubble to chimney is slowed by
the presence of magnetic fields, which tend to confine the
expanding shell in the disc (Tomisaka 1998).
A powerful method for probing the magnetic fields of
the ISM is the study of Faraday rotation. This phenomenon
describes how the polarisation angle (PA) of a linearly po-
larised wave will rotate as the wave propagates through a
MIM. Faraday rotation is measured from the linear Stokes
parameters, Q and U. Following Burn (1966) and Brentjens
& de Bruyn (2005), these can be parametrised as the com-
plex polarisation, P:
P = Q + iU = PIe2iPA (1)
From this, the polarised intensity (PI) and the polarisation
angle can therefore be defined as:
PI =
√
Q2 +U2
PA =
1
2
arctan
(
U
Q
) (2)
The amount of Faraday rotation at a wavelength λ is de-
scribed by the Faraday depth (φ) times λ2:
φ(L) ≡ 0.812
∫ L
0
neB‖dr rad m−2 (3)
Where B‖ is the line-of-sight magnetic field in µG, ne is the
electron density in cm−3, and r is the distance along the line
of sight integrated through the Faraday rotating medium
with length L in pc. The sign of B‖ is taken to be positive
when the field is aligned towards the observer and vice-versa.
In the simplest Faraday rotation case, where all the emission
is in the background and all the Faraday rotation occurs in
the foreground, the Faraday depth is given by the rotation
measure (RM):
RM =
∆PA
∆(λ2) (4)
This also assumes no depolarisation occurs along the line of
sight. A method of obtaining Faraday depth in more complex
scenarios is described in Brentjens & de Bruyn (2005).
Despite the important role magnetic fields play in the
Galactic ISM, several mysteries remain unresolved. Firstly,
as summarised by Han (2017), the magnetic fields of a num-
ber of extended diffuse objects have been studied. However,
obtaining the complete scale and structure of the magnetic
fields associated with these objects is difficult. This arises as
a result of both the methods used to measure these fields,
and line-of-sight confusion from other magneto-ionic objects.
Studies of RMs from both extragalactic point sources and
pulsars can suffer from line-of-sight field reversals and con-
fusion, and intrinsic Faraday rotation. These line-of-sight
effects are a particular concern towards the Galactic plane.
In this sense, diffuse polarisation studies have a particular
advantage in revealing large-scale, extended structures.
GSH 006−15+7 is a recently discovered Galactic super-
shell located near the Galactic plane (Moss et al. 2012). This
supershell was discovered in H i observations with a cen-
tral velocity around vLSR ≈ 7 km s−1, and subtends about
25 deg on the sky. Moss et al. (2012) constrain the age and
distance to this object at 15 ± 5Myr and 1.5 ± 0.5 kpc, re-
spectively; this gives the shell an approximate diameter of
670±220pc, making it one of the largest discovered H i shells
near the Sun. From their analysis, Moss et al. (2012) find
that GSH 006−15+7 is likely in a break-out phase between
a supershell and a chimney structure.
In this paper we present the counterpart to
GSH 006−15+7 in diffuse polarised radio emission data at
2.3 GHz. The shell appears as a ‘shadow’ in polarised emis-
sion, and shows evidence of Faraday rotation of background
synchrotron radiation. The data we use in this analysis is de-
scribed in Section 2. In Section 3 we discuss this morpholog-
ical association found in diffuse polarisation at 2.3 GHz. We
continue to use these polarisation data to model the Faraday
rotation through GSH 006−15+7 as a Faraday screen, follow-
ing Sun et al. (2007) and Gao et al. (2015). From this, in
Section 4 we constrain both the magnitude and the plane-of-
sky structure of the line-of-sight magnetic fields associated
with GSH 006−15+7. We use this information to estimate
the thermal and magnetic pressures within the Galactic su-
pershell. This dynamical information, as well as the mag-
netic field strengths themselves, will aid in the future mod-
elling of supershells and the ISM, as well as in our overall
understanding of ISM magnetohydrodynamics. Our conclu-
sions are given in Section 5.
2 Data
2.1 Diffuse H I Emission
2.1.1 Galactic All-Sky Survey
We make use of H i data from the third release of the
Parkes Galactic All-Sky Survey (GASS, McClure-Griffiths
et al. 2009; Kalberla et al. 2009), now incorporated in HI4PI
(Ben Bekhti et al. 2016). GASS is a fully-sampled survey of
H i emission over the entire sky south of declination zero
with an angular resolution of 14.4 arcmin. The survey was
conducted with the Parkes radio telescope using the 13-
beam multibeam receiver. The data cover the velocity range
−468 ≤ vLSR ≤ 468 km s−1 with a velocity resolution of
1 km s−1and a typical rms noise of 57 mK. In the third data
release of GASS used here, the calibration and stray radia-
tion correction were refined by Kalberla & Haud (2015). We
use the GASS data to extract velocity separated H i emission
of GSH 006−15+7.
2.2 Radio Continuum Polarisation
2.2.1 S-band Polarisation All Sky Survey
The S-band Polarisation All Sky Survey (S-PASS, Carretti
et al. 2013, Carretti et al. in preparation) was completed
in 2010, and provides a highly sensitive polarisation (Stokes
Q and U) map of the Southern sky at 2.3 GHz. The sur-
vey was conducted using the Parkes 64 m Telescope with its
‘Galileo’ receiver and covers the Southern sky at declinations
MNRAS 000, 1–19 (2018)
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Figure 1. GASS – Brightness temperature of the H i 21 cm line
in the region of the GSH 006−15+7 shell at vLSR = 6.6 km s−1.
All maps are given in Galactic longitude and latitude (l, b). Con-
tour given at 30K, which well outlines the H i emission associated
with the shell. The black dashed lines give the approximate inner
and outer bounds of the shell; approximately matching the 30K
contour. The scalebar gives the approximate size scale assuming
a distance of 1.5 kpc. The red dashed line in corresponds to the
profile given in Figure 4. This profile was chosen to match the
one given in Figure 2a.
δ < −1 deg. This receiver operates in S-Band (13 cm) and is
sensitive to circularly polarised radiation; allowing for the
linear Stokes parameters, Q and U, to be measured. Table 1
lists the observational parameters for S-PASS. Initial mor-
phological analysis was conducted by Carretti et al. (2013),
and here we provide additional morphological descriptions;
specifically we find a morphological correlation between the
structure of GSH 006−15+7 in H i and the structure found
in Stokes Q and U from S-PASS.
S-PASS supplies a number of significant improvements
over previous polarisation surveys. Observations of polarised
emission at 2.3 GHz are inherently less prone to depolarisa-
tion effects (Burn 1966; Sokoloff et al. 1998) with respect to
lower frequencies. This higher observing frequency allows for
greater angular resolution, with S-PASS presenting a grid-
ded angular resolution (full width at half maximum FWHM)
of 10.75’. The original data resolution was 8.9’, these were
then smoothed with a Gaussian window of FWHM = 6’
producing a map with a final resolution of 10.75’. Addition-
ally, a much lower system temperature was achieved with
respect to previous surveys in the same band. For exam-
ple, S-PASS achieves a factor of two improvement over the
Parkes 2.4 GHz polarisation survey by Duncan et al. (1997),
and they observed only a belt across the Galactic Plane
(|b| < 5◦) not covering the area subject of this work. We
use the S-PASS Stokes Q and U maps for computation of
the RM associated with GSH 006−15+7.
2.2.2 Wilkinson Microwave Anisotropy Probe
The Wilkinson Microwave Anisotropy Probe (WMAP) sur-
vey released its final, 9-year data in 2013 (Bennett et al.
2013). The observational properties of WMAP are also sum-
marised in Table 1. The project was focused on measuring
cosmological parameters and the cosmic microwave back-
ground (CMB), however, the foreground data provides in-
valuable Galactic information. In particular, WMAP K-
band, centred on 23 GHz, gives a calibrated, whole-sky map
of polarised synchrotron emission at high frequency. Discus-
sion of the structure present in the WMAP K-band images
was also conducted by Carretti et al. (2013), with a partic-
ular focus on comparison with the structure present in the
S-PASS data. Specifically, the Northern and Southern Fermi
bubbles feature prominently in the polarised emission of
WMAP K-band. We make use of the high-frequency polar-
isation information provided by WMAP and compare these
results with S-PASS data in the region of GSH 006−15+7.
2.3 Radio Continuum
2.3.1 Continuum HI Parkes All-Sky Survey
The Continuum HI Parkes All-Sky Survey (CHIPASS) is a
map of the radio continuum at 1.4 GHz across the whole
sky below declination of δ = 25 deg (Calabretta et al. 2014).
CHIPASS is a combination and reprocessing of the HI Parkes
All-Sky Survey (HIPASS) and the HI Zone of Avoidance (HI-
ZOA) survey, the result of which is a highly sensitive (sensi-
tivity = 40mK), all-sky, total intensity survey at a resolution
of 14.4’, with very well treated artefacts. We use these data
to derive information on the synchrotron spectrum in the
region of GSH 006−15+7.
3 Results and Analysis
3.1 Polarisation Morphology
The most prominent feature in the diffuse polarisation in
the region of GSH 006−15+7 is the Southern lobe of the
Fermi bubbles (Ackermann et al. 2014; Su et al. 2010; Car-
retti et al. 2013), as seen in Figure 2. There are number
of structures, however, that show significant morphological
correlation with the supershell GSH 006−15+7. We claim
that these features are perturbations caused by the MIM
of GSH 006−15+7 to the polarised emission from behind it.
This supershell has a distance estimate of ∼ 1.5 ± 0.5 kpc
(Moss et al. 2012), and therefore is situated in the fore-
ground relative to the Fermi bubbles (distance of the front
surface from Sun > 2.5 kpc (Carretti et al. 2013)).
The spatial correlation between S-PASS polarisation
and GSH 006−15+7, as it appears in H i (see Figure 1), is
most apparent in Stokes parameters Q and U. The Stokes U
image (see Figure 2c) shows the strongest morphological cor-
relation with GSH 006−15+7, although the structure seen in
Stokes U is also similar to the structure seen in PA (see Fig-
ure 2b). Along the upper and right-hand outer edge of the
shell there is a significant shift in the values of Stokes U, from
U ≈ +0.05K to U ≈ −0.05K. A circular edge can be seen fol-
lowing the right-hand boundary of the shell, where predom-
inately positive U switches to negative inside the boundary.
MNRAS 000, 1–19 (2018)
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Table 1. Observational parameters of S-PASS (e.g. Carretti et al. 2013) and WMAP K-band (Bennett et al. 2013). * – Map noise is per
observation.
Property Symbol S-PASS WMAP
Reference frequency ν 2307 MHz 22.69 GHz
Bandwidth δν 184 MHz 4 GHz
Telescope beamwidth FWHMtel 8.9
′ 0.88 deg
Map beamwidth FWHMmap 10.75’ –
Map RMS noise (Stokes Q/U) σ .1 mJy beam−1 1.435 mK* (Q/U) – 6.00 mK* (I)
Gain (Jy/K) at ν A 1mJy = 0.58mK –
System temperature Tsys ≈ 20K 29 K
20◦ 15◦ 10◦ 5◦ 0◦ 355◦
-5◦
-10◦
-15◦
-20◦
-25◦
-30◦
l
b
0
20
40
60
80
100
P
I
(m
K
)
(a)
20◦ 15◦ 10◦ 5◦ 0◦ 355◦
-5◦
-10◦
-15◦
-20◦
-25◦
-30◦
l
b
−pi/2
−pi/4
0
+pi/4
+pi/2
P
A
(r
a
d
)
(b)
20◦ 15◦ 10◦ 5◦ 0◦ 355◦
-5◦
-10◦
-15◦
-20◦
-25◦
-30◦
l
b
−60
−40
−20
0
20
40
60
S
to
k
es
U
(m
K
)
(c)
15◦ 10◦ 5◦ 0◦ 355◦
-5◦
-10◦
-15◦
-20◦
-25◦
-30◦
l
b
−80
−60
−40
−20
0
20
40
60
80
S
to
k
es
Q
(m
K
)
(d)
Figure 2. Maps of S-PASS polarisation in the region of GSH 006−15+7. (a) S-PASS - polarised intensity. The red dashed line corresponds
to the profile given in Figure 4. This profile runs along the ridge of the polarised emission of the Fermi bubble from the centre of the
shell region. (b) S-PASS - polarisation angle in radians. (c) S-PASS - Stokes U. (d) S-PASS - Stokes Q. In each panel, the black dashed
lines give the approximate inner and outer bounds of the lower part of the shell.
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Figure 3. Panels (a) and (b): Maps of polarisation in the re-
gion of GSH 006−15+7 at 23 GHz from WMAP K-band observa-
tions. Here we have applied a Gaussian smoothing to the data
with a FWHM of 1 deg. We applied this filter to increase the
signal-to-noise ratio in the WMAP data, which originally had a
very high noise level. (a) WMAP - polarised intensity. Again,
the red dashed line corresponds to the profile given in Figure 4.
(b) WMAP - polarisation angle in radians. (c) Polarisation an-
gle difference between S-PASS and WMAP in radians. Here the
S-PASS data were smoothed to common spatial resolution of the
smoothed WMAP data. As in Figure 2, the dashed lines give the
approximate bounds of GSH 006−15+7.
On the left side of the image, where U appears negative, the
magnitude of U increases on the shell. There is a bright, po-
larised region in the centre of the image, which corresponds
to the tip of the Fermi bubble.
The Stokes Q image at 2.3 GHz (Figure 2d) is domi-
nated by emission from the Fermi bubble. Similar to Stokes
U, there is a change of sign in Q along the right-hand, inner
boundary of the shell as defined by H i. This region in Stokes
Q, however, is not as clearly defined as Stokes U. Addition-
ally the change of sign occurs along the inner boundary of
the shell in Q, rather than the outer boundary. A similar
feature can be found along the bottom-left, inner boundary
of the shell. Here Q again appears to change sign across the
inner boundary of the shell. Along the left inner and outer
boundaries of the shell we find a weak change in sign of
Stokes Q.
Inspecting the total linear polarisation intensity (PI) at
2.3 GHz (Figure 2a) the brightest polarised feature is the
Southern ridge of the Fermi bubble (Carretti et al. 2013).
This feature runs from the centre of the image to the bottom-
right corner. Where the Fermi bubble appears to intersect
the shell, however, the polarised intensity is reduced 10-15%
relative to the rest of the lobe. This is indicative that near
the boundary of the shell, polarised emission is being per-
turbed and depolarised. Carretti et al. (2013) presented the
first morphological description of S-PASS, focusing partic-
ularly on the polarised emission from the Fermi bubbles.
They also noted the perturbation feature and suggested that
this feature could be due to a line-of-sight reversal of the
magnetic field, associated with the Fermi bubbles. We argue
however, that due to the high degree of spatial correlation,
this feature is explained by the presence of GSH 006−15+7
in the foreground. This spatial correlation is exemplified in
the profiles shown in Figure 4. Here we can see the anti-
correlation of S-PASS PI with H i brightness temperature,
especially across the thickness of the shell from ∼ 5 deg to
∼ 10 deg along the profile. This demonstrates that the shell is
weakly depolarising the background polarised emission from
the Fermi bubble. In addition, as depolarisation is a Fara-
day rotation effect, we also note a change in the polarisation
angle across the same boundary in Figure 2b. Depolarisa-
tion towards the Galactic plane is also apparent in the PI
image, as noted by Carretti et al. (2013), as well as in Stokes
Q and U. Significant depolarisation is visible in the region
near GSH 006−15+7 down to a latitude of b ≈ −5 deg. This
region is associated with large H ii regions in the Galactic
plane, as seen in Hα emission. Additional depolarisation can
be seen at latitudes as low as b ≈ −10 deg. The modulation
from this effect makes structure difficult to interpret in the
polarisation images near the Galactic plane.
Unlike the S-PASS polarisation, we see no correlation
with GSH 006−15+7 in any of the WMAP polarisation
maps. As seen in Figure 3 the polarised emission at 23 GHz
from the Southern Fermi bubble is the dominant source of
polarised emission in the region of GSH 006−15+7. Carretti
et al. (2013) also provide a detailed description of the po-
larised emission from WMAP in this region, again in regards
to emission from the Fermi bubbles. We note that there is
no noticeable depolarisation across the thickness of the shell,
unlike the S-PASS observations. This is particularly clear in
Figure 4 where, unlike the S-PASS profile, there is no ap-
preciable drop in the WMAP PI profile as it intersects the
MNRAS 000, 1–19 (2018)
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Figure 4. Brightness temperature profiles of polarised intensity (PI) at 2.3 GHz (blue, dotted), 23 GHz (green, dash-dotted), and GASS
H i at vLSR = 6.6 km s−1(red, solid). The region from which the profiles are taken is shown in Figures 1 and 2 as the red dashed line.
The profile runs from the centre of the shell region to well past the outer boundary, along the bright polarised emission from the Fermi
bubble. The black dashed lines correspond to the inner and outer shell boundaries and also shown in Figures 1 and 2.
shell. The lack of depolarisation is to be expected, as high
frequency observations are far less affected by Faraday ro-
tation. We find that the polarisation angle is relatively uni-
form across the region of GSH 006−15+7 (see Figure 3b),
with a median value of ∼ 37 deg and a standard deviation of
∼ 9 deg. We also note the significant lack of polarised emis-
sion in both WMAP and S-PASS in a few regions above the
shell along b ≈ −10 deg. The signal-to-noise in these regions
is therefore very low, particularly in WMAP, and also corre-
sponds to large changes in the polarisation angle which are
probably spurious. These regions will likely propagate large
errors through this analysis.
The strongest morphological indication appears when
the polarisation information from S-PASS and WMAP are
combined. Inspecting the map of the polarisation angle
difference (PAS-PASS − PAWMAP) in Figure 3c reveals
the circular structure we expect to be associated with
GSH 006−15+7. Again, here the right-hand portion of the
shell is most prominent, but the entire region is visible in
Figure 3c where the angle difference is of relatively low
magnitude. This change in polarisation angle is indicative
that the shell is Faraday rotating the background polarised
emission. The motivation for using this polarisation angle
difference is expanded upon in Section 3.3. In short, as the
WMAP data was at high frequency, the polarisation as mea-
sured should have encountered very little Faraday rotation,
in contrast to the S-PASS polarisation. Thus, the differ-
ence in polarisation angle contains information on how much
Faraday rotation has occurred along the line of sight. As this
difference bears a great deal of morphological similarity to
GSH 006−15+7, we therefore assume that, within this re-
gion, it is the supershell alone that is causing the observed
rotation effect.
3.2 Total Intensity Morphology
We also carefully inspect the total intensity data from S-
PASS, CHIPASS, and WMAP for any morphological indi-
cation of GSH 006−15+7. The presence of such emission, es-
pecially in the S-PASS data, would mean that the interpreta-
tion that the shell was acting as a pure Faraday screen would
be false. Faraday screens, by definition, do not produce any
emission of their own. We find, however, no such emission in
any of these data. The only structure of note is emission from
the Corona Australis molecular cloud, visible in WMAP
K-band total intensity. This comet-shaped reflection neb-
ula is a common feature in infra-red observations (Schlegel
et al. 1998; Neuha¨user & Forbrich 2008), and appears to lie
along the bottom edge of GSH 006−15+7. However, its over-
all morphology is very distinct from GSH 006−15+7, and sits
far closer to us at a distance of ∼ 130pc (Neuha¨user & For-
brich 2008).
3.3 Faraday Screen Model
3.3.1 General concept of the Faraday screen model
As discussed above, GSH 006−15+7 does present a clear po-
larisation signature at 2.3 GHz. This signature however is
not directly evident as polarised emission, nor is there a
clear correlation in H α emission (Moss et al. 2012). This is
indicative of a relatively low free electron density (compared
to an H ii region). This type of interaction is dubbed a ‘Fara-
day screen’ effect (Wolleben & Reich 2004; Sun et al. 2007).
Faraday screens are simple Faraday rotating regions that af-
fect the synchrotron emission that is produced from behind
them (along the line of sight). Faraday screens do not pro-
duce polarised emission themselves, instead they rotate the
background polarisation angle, and/or reduce the polarised
intensity through depolarisation effects. Sun et al. (2007)
MNRAS 000, 1–19 (2018)
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Figure 5. Cartoon of the Faraday screen model. The ‘fore-
ground’/‘background’ divide refers to the line-of-sight region
where the polarised emission is produced, relative to the screen.
The ‘on’/‘off’ divide refers to whether the line-of-sight observes
through the screen or not. In both the ‘on’ and ‘off’ case the mea-
sured polarisation (P) is the superposition of the ‘background’
and ‘foreground’ emission. In the ‘on’ case, however, the back-
ground emission is perturbed by the screen.
provide a model for determining the Faraday rotation that
occurs due to the presence of a Faraday screen. This Faraday
screen model is visualised in Figure 5. In this scenario, an
observer can measure polarisation (P) either ‘on’ or ‘off’ the
screen. The terms ‘on’ and ‘off’ refer to whether the polarised
emission has been affected by the Faraday screen or not,
respectively. In either case the model assumes that the ob-
server will measure the superposition of the polarised emis-
sion from the ‘background’ and ‘foreground’, relative to the
screen. When observing ‘on’ the screen the background po-
larised emission will be perturbed. Specifically, the polarised
intensity will be multiplied by the depolarisation factor ‘ f ’
(where f < 1), and the polarisation angle will be rotated
by an amount ‘ψ’. As such, the Stokes parameters ‘on’ the
screen are given by (from Sun et al. 2007):
Uon = PIfg sin (2ψ0) + fPIbg sin [2 (ψ0 + ψ)]
Qon = PIfg cos (2ψ0) + fPIbg cos [2 (ψ0 + ψ)]
(5)
These equations assume that the intrinsic polarisation angles
in the background and foreground are related by PAbg =
PAfg = ψ0. This assumption is in contrast to Sun et al.
(2007) who assumed that ψ0 ≈ 0 deg. We are unable to make
this same assumption, as it implies that PAoff ≈ 0 deg. If
we take the WMAP polarisation angle information as an
estimate of PAoff, it is clear from Figure 3b that this is not
the case. Our assumption is reasonable in the case of either:
1) a random field, or 2) a dominant coherent field in a single
direction. From this, we derive the same model of a Faraday
screen as Sun et al. (2007), using observations of polarised
intensity (PI) and polarisation angle (PA), ‘on’ and ‘off’ the
screen:
PIon
PIoff
=
√
f 2(1 − c)2 + c2 + 2 f c(1 − c) cos 2ψ
PAon − PAoff =
1
2
arctan
(
f (1 − c) sin 2ψ
c + f (1 − c) cos 2ψ
) (6)
This model describes the change in polarised intensity and
polarisation angle between observations ‘on’ and ‘off’ the
screen. Here the four observables are PIon, PIoff, PAon, and
PAoff. The model parameters are f , c, and ψ. The parame-
ters f and ψ are as described above, where f is the factor of
depolarisation that has occurred at the observed frequency,
with f ∈ [0, 1], while ψ is the amount of Faraday rotation
through the screen, with ψ ∈ [−pi/2,+pi/2]. The parameter c
is the fraction of foreground polarised intensity given by:
c =
PIfg(
PIfg + PIbg
) (7)
The range of this parameter is therefore c ∈ [0, 1]. The
Faraday thickness (φ) of the screen can be estimated from
this model by:
φ =
ψ
λ2
(8)
Here ‘Faraday thickness’ refers to the Faraday depth
of the shell alone. This equation applies in the case of a
rotating-only Faraday screen, as the RM of the screen is
equal to the Faraday depth. This model has an advantage
over the model presented in Wolleben & Reich (2004), as it
only requires observations at a single frequency.
In previous uses of this model the ‘on’ and ‘off’ compo-
nents were taken from a common set of radio polarisation
observations at the same frequency, but were spatially offset
to sample ‘on’ and ‘off’ the proposed location of the Fara-
day screen (Sun et al. 2007, 2011; Gao et al. 2010, 2015).
There are two primary assumptions made by this technique:
(1) that the polarised emission located beside (‘off’) the
screen region accurately represents the superposition of syn-
chrotron emission from the foreground and background; and,
(2) that all Faraday rotation along the line of sight occurs
at the Faraday screen. In our analysis, the Faraday screen
region of GSH 006−15+7 appears in the direction of the
Galactic plane. As the line of sight approaches the plane,
the amount of Faraday rotating structure increases; further,
the angular extent of GSH 006−15+7 is enormous. As such,
assumption (1) is not easily satisfied here.
3.3.2 Using WMAP to obtain ‘off’ polarisation
In contrast to previous uses of the Sun et al. (2007) Fara-
day screen model, we use S-band-scaled, high frequency
(23 GHz), polarisation data as the ‘off’ measurements to the
S-PASS ‘on’ measurements. By utilising polarisation data
from a high frequency survey we bypass the need for as-
sumption (1) to be satisfied. That is, rather than using a
spatially-offset pointing at the same frequency for the ‘off’
measurement, we use pointings towards the screen, but at a
different frequency that is negligibly affected by the screen,
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thus serving as the ‘off’ measurement. Additionally, this al-
lows for the computation of a Faraday depth for each line of
sight through the Faraday screen.
With this consideration, we obtain high frequency po-
larisation data from the WMAP survey. As Faraday ro-
tation increases as λ2, only strong Faraday depth sources
(φ > 100 rad m−2) can produce non-negligible Faraday ro-
tation at 23 GHz. Since GSH 006−15+7 is an object in the
diffuse ISM, likely occupying some combination of the warm
neutral and warm ionised medium (Heiles & Haverkorn
2012), we do not expect significant Faraday thickness to be
produced by this object.
A limitation of a Faraday screen model is that this
technique is only sensitive to Faraday rotation values of
−90 deg < ψ < +90 deg, due to assumption (2). Any ro-
tations greater than this through the screen would cre-
ate ‘npi’ ambiguities in the measured polarisation angle. As
such, we are only able to obtain Faraday depths between
φ = ±(pi/2λ2) ≈ ±92 rad m−2. We can exclude the possibil-
ity of ‘npi’ ambiguities by inspecting the morphology of the
polarisation angle image from S-PASS (see Figure 2b). Re-
gions that strongly Faraday rotate appear to have ‘onion
skin’ structure in polarisation angle. That is, across these
regions the polarisation angle changes sign multiple times
towards the centre of the object. This corresponds to multi-
ple revolutions of the polarisation vector as the physical and
Faraday depth of the object increases towards the centre.
The GSH 006−15+7 region does not exhibit this morphol-
ogy, rather it has an approximately uniform polarisation
angle structure within the boundaries of the shell. This is
therefore consistent with the assumption that the amount
of rotation through the shell is < |90 deg |.
WMAP K-band does suffer low signal-to-noise ratio as
it measures synchrotron radiation at the far end of the spec-
trum. The low signal-to-noise of the WMAP data must be
addressed in order to be used in analysis of the Galactic syn-
chrotron emission. We do this by applying Gaussian smooth-
ing to these images. We convolve a Gaussian smoothing func-
tion with a FWHM = 1 deg with both the Stokes Q and U
maps.
3.3.3 Frequency scaling of WMAP to S-Band
In order to estimate the synchrotron background at S-Band,
we need to scale WMAP data to 2.3GHz. To do this we
require the synchrotron spectral index (β) between these
frequencies. Between any two frequencies (ν) with total in-
tensity (T), the spectral index is given by:
β =
log (T1/T2)
log (ν1/ν2)
(9)
As the zero–offset calibration total intensity map of S-PASS
is not yet finalised, we instead obtain the synchrotron spec-
tral index between 1.4 GHz and 23 GHz. This assumes a
spectrally constant β between these frequencies. We then use
this value of β to scale the WMAP K-band data to S-band.
To find the spectral index we use the total intensity data at
1.4 GHz from the CHIPASS survey (Calabretta et al. 2014).
The synchrotron spectral index can usually be obtained from
the slope (m) of the T-T plot of the total intensity (Stokes
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Figure 6. Spectral index for each point in the region of
GSH 006−15+7 as a function of Galactic latitude. The longitude
range used is 45 deg < l < 315 deg. The points are coloured by
the signal-to-noise ratio (SNR) of WMAP Stokes I . Despite the
smoothing applied to the data, the effects of point sources and re-
gions of low intensity are still present. These effects cause a large
variance in the derived spectral index. However, after we apply a
box-car smooth to the data, we recover a consistent spectral index
of β ∼ −3.1 in the region of the shell. Additionally, we also find a
clear trend of the spectral index flattening towards the Galactic
plane.
I) between two frequencies using (Turtle et al. 1962):
β ≈ logm
log (νW/νC)
(10)
where ‘W’ stands for WMAP, ‘C’ for CHIPASS. We find,
however, that the slope of the T-T plot is not constant in
the region of GSH 006−15+7, indicating thermal emission
processes (see Section A1).
Rather than using this result, we compute the spectral
index for each point in the region of GSH 006−15+7 using
Equation 9. We then analyse the indices as a function of
latitude, as shown in Figure 6. The spectral index remains
relatively constant for b < −10 deg; after which β starts to in-
crease to values greater than −3, as also indicated in the T-T
plot. Following this, we bin the obtained indices, and com-
pute the error from this binning (shown as the solid line with
the 1σ uncertainty band in Figure 6). Based on Figure 6, we
use the binned spectral index as a function of Galactic lati-
tude and assume that it is constant in Galactic longitude. We
use this to scale WMAP Q and U to S-Band, and carry the
associated errors forward. The presence of thermal contami-
nation in the spectral index with b & −10 deg is irrelevant for
the following analyses, because the region of GSH 006−15+7
that is depolarised in S-band is also at b & −10 deg and is
thus excluded. We note that using this technique requires
that the CMB emission must be subtracted from CHIPASS,
as it is not present in the WMAP K-band data. A T-T plot
technique usually side-steps this requirement, but since we
are unable to use such a technique in this case we subtract
2.7 K uniformly from the CHIPASS total intensity data.
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3.3.4 Summary of our Faraday screen observables
Finally, we obtain the four observables, as required for the
Faraday screen model, as follows:
PIon =
√
Q2
S
+U2
S
PIoff =
(
νS
νW
)β √
(QW)2 + (UW)2
PAon =
1
2
arctan
(
US
QS
)
PAoff =
1
2
arctan
(
UW
QW
)
(11)
here Q and U refer to the Stokes Q and U maps from S-PASS
(‘S’) and WMAP (‘W’), β is the spectral index binned as a
function of latitude (see Figure 6 above), and ν refers to the
frequency of each survey. We note there are some regions
that have PIon > PIoff, which cannot be accommodated by
the model. These regions will be excluded from later analy-
sis.
3.4 Best Fit Procedure
From the Faraday screen model (Equation 6), we have four
observables and three model parameters. We obtain the ob-
servables from the data using Equation 11. To obtain the
model parameters we need to fit the Faraday screen model
to the data. In order to determine the ‘best fit’ of the Fara-
day screen model, we have developed a ‘brute-force’ method
that determines which values of the parameters f , c, and ψ
produce the closest fit to the input data. To this end, we
implement a grid search technique of the model hyperspace.
Specifically, we sample the model for a large number of possi-
ble parameter values and find the combination of the param-
eter values that provide the closest fit to the data. For the
purposes of our analysis, each parameter is allowed to take
values in the ranges f ∈ [0, 1], c ∈ [0, 1], and ψ ∈ [− pi2 ,+ pi2 ].
We refer to the number of samples of parameters f , c, and
ψ as Nf , Nc , and Nψ, respectively. For simplicity we use
the same number of samples for each parameter; namely
Nf = Nc = Nψ = Nsamp. This is possible because the final
results are insensitive to the number of samples per parame-
ter, provided a large enough value is used. We then evaluate
the Faraday screen model (Equation 6) for all of these pa-
rameter values. This results in two hypersurface cubes of
size N3samp; one containing all the possible model (mod) PI
ratio (PIR = PIon/PIoff) values and the other the model
PA difference (PAD = PAon −PAoff) values. For a given set
of observed (obs) PIR and PAD we find the following ‘ξ2’
quantity:
ξ2 = [PIRobs − PIRmod]2 × [PADobs − PADmod]2 (12)
This quantity is constructed similarly to χ2, but with a few
key differences. Each component in ξ2 is not weighted by the
variance from an underlying distribution. This is because the
observed values are themselves sampled from a probability
distribution function (PDF) which we produce. In princi-
ple we could compute the variance from this distribution
and then find and minimise the χ2. In doing so, however,
we would lose the ability to propagate a PDF through the
modelling process. As the components of ξ2 are not weighted
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Figure 7. Slice through ξ2 cube for a random line-of-sight
(l, b = [0.0 deg, −24.96 deg]) at mean input value. The cube shown
is a 5003 grid, whose [x, y, z] coordinates correspond to the pa-
rameters [ f , c, ψ]. The cube is sliced through the ψ coordinate at
the minimum value of ξ2. Note that in our final analysis, we use
a 503 grid, which still provides robust results.
by the variance, each factor still has the dimensions of the
observable. That is, we have the dimensionless PIR quantity
and the PAD quantity in radians. Thus, unlike χ2, we take
the product of the two factors. Like χ2 the smallest value
within our ξ2 cube corresponds to the values of f , c, and ψ
which provide the best fit to the data. This minimum value
should also correspond to ξ2 = 0, provided a solution exists,
within numerical precision. We check for multiple solutions
of ( f , c, ψ) that could produce ξ2 = 0, but we only ever find
a unique solution for ( f , c, ψ) for which ξ2 = 0. Addition-
ally, we check for the existence of an exact solution for each
input pixel, and exclude pixels for which no solution exists
from further analysis. We provide an example of where we
find a minimum in the ξ2 cube for a randomly sampled line-
of-sight input in Figure 7. This example is typical of how
the hypersurface appears; with the location of the minimum
in the cube occurring at the intersection of two ‘troughs’ of
local minima, and being numerically very close to 0.
Our method does not rely on choosing reasonable ini-
tial conditions, nor does it require iteration for convergence.
Instead, once the grid is built, the best fit is immediately
obtained in the ( f , c, ψ) parameter grid as the location of
the global minimum within the ξ2 cube.
To obtain the error in the fit of this model we apply
a Monte-Carlo approach. First, we obtain the PDF of each
input parameter, assuming that the starting input data (S-
PASS Stokes Q and U, WMAP Stokes Q and U, and β) have
Gaussian distributed errors. For each pixel in each of the
input data maps we produce a Gaussian PDF. To compute
the PDFs of the observables, as required for the Faraday
screen model, we apply the arithmetic described in Equa-
tion 11 to each value in each PDF. These PDFs become the
priors, which we input into the best-fit algorithm; where we
find a best-fit for the entire prior PDF for every pixel in the
region around GSH 006−15+7. We sample the PDFs as a
histogram with NPDF bins.
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By propagating the entire prior PDF through the best-
fit process we are able to obtain the full posterior PDF of the
model parameters f , c, and ψ. Thus, we can gain an estima-
tion of the uncertainty in each parameter. Examples of these
posterior PDFs are given in Figure 10. We obtain the num-
ber of samples, NPDF and Nsamp, from a convergence test
on the first moment values of random pixels in the region of
GSH 006−15+7. We tested values of NPDF between 100 and
106, and Nsamp between 1 and 200. We found NPDF = 3000
and Nsamp = 50 to be the minimum values that still provide
robust posterior results. For the entirety of our analysis we
use these two sample values across the entire region.
This process is repeated for each pixel available in the
S-PASS map in the vicinity of GSH 006−15+7; the result of
which is a PDF for each model parameter ( f , c, and ψ) for
each pixel on the map. Additionally, we also produce the
best-fit values from a χ2 minimisation for comparison with
the ξ2 results. We find that the model values from this χ2
minimisation are consistent with centroid values from the
distributions of the model parameters. We present here a
map of the first moment of the model parameters f and c
(Figure 8). We also present a map of the first moment of
Faraday thickness, as given by Equation 8, and its 1σ error
map (Figure 9).
We exclude regions in the output data where the Fara-
day screen model does not apply i.e. where PIRobs > 1, and
regions outside the outer boundary of GSH 006−15+7 or in-
side of the inner boundary, as defined by its H i emission.
The resulting map is given in Figure 11. We also apply the
same mask to the maps of f and c. Within this masked
region both f and c have a roughly uniform value, with spa-
tial standard deviations of 0.08 and 0.06, respectively. We
therefore compute the mean values of f and c and their as-
sociated errors. From this we find the average depolarisation
factor fav = 0.4± 0.3 and fraction of foreground polarisation
cav = 0.6 ± 0.3. The errors given here are derived from the
uncertainties in the mean, and not from the spatial varia-
tion. These values imply that on average roughly half of the
background emission is depolarised by GSH 006−15+7, and
that the background and foreground polarised emission are
approximately on parity, with the foreground being slightly
dominant.
3.5 Error Propagation of Best-Fit Parameters
We use a Monte Carlo error propagation method to carry the
errors forward through our best-fit procedure. As such, we
are able to constrain regions within the output data where
the fit is poor. Figure 10 shows the PDFs of f , c, and ψ for
two pixels sampled at l, b = [4.96 deg,−18.0 deg] (blue area)
and l, b = [0.0 deg,−24.96 deg] (orange area). Recall f is the
depolarisation factor, where a value of 0 refers to total depo-
larisation, and a value of 1 to no depolarisation. The param-
eter c is the fraction of foreground polarisation, where values
of 0 implies that all the emission is from the background, and
1 implies that all the emission originated in the foreground.
These two pixels provide typical examples of the results we
see across the region of the shell. Here we see the pixel sam-
pled at l, b = [0.0 deg,−24.96 deg] has a well constrained value
of ψ, whereas the pixel at l, b = [4.96 deg,−18.0 deg] does not.
The pixel at l, b = [4.96 deg,−18.0 deg] has an input PA dif-
ference very close to 0 deg. In general we find that the value
15◦ 10◦ 5◦ 0◦ 355◦
-5◦
-10◦
-15◦
-20◦
-25◦
l
b
0.0
0.2
0.4
0.6
0.8
1.0
F
ir
st
m
o
m
en
t
o
f
f
15◦ 10◦ 5◦ 0◦ 355◦
-5◦
-10◦
-15◦
-20◦
-25◦
l
b
0.0
0.2
0.4
0.6
0.8
1.0
F
ir
st
m
o
m
en
t
o
f
c
Figure 8. First moment map of model parameters in the region
of GSH 006−15+7: the depolarisation factor, f (upper panel), and
the fraction of foreground polarisation, c (lower panel).
of ψ is poorly constrained in regions where the input PA dif-
ference (PAon − PAoff) is very close to 0 deg, and in regions
away from the bright background polarised emission of the
Fermi bubbles. The former case is a resultant behaviour of
the Faraday screen model, which is better able to constrain
values of ψ which are significantly greater or smaller than
0 deg. Additionally, in the lower panel of Figure 10, the blue
distribution of the pixel at l, b = [0.0 deg,−24.96 deg] has a
dip around ψ ≈ 0. We find similar distributions for all pixels
where the input PA difference is 0 deg. This can be seen in
the lower panel of Figure 9 as high values of the 1σ error.
In this Figure we note that the outline of the shell region is
visible due to the increased error inside the inner boundary
of the shell, where PAon − PAoff ≈ 0 deg. The uncertainties
in f and c do follow similar trends to ψ, but overall the
errors are much more uniform. Of note, the region around
l, b ≈ [11 deg,−11 deg] corresponds to the highest error in ψ
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Figure 9. First moment map of Faraday depth in the region of
GSH 006−15+7 (upper panel) and 1σ error associated with this
Faraday depth from the model fit (lower panel).
and unusual values in all the output parameters. The region
is also associated with very low polarised intensity from the
WMAP and S-PASS observations, resulting in high uncer-
tainty in that region.
4 Discussion
4.1 Line of Sight Magnetic Field
The magnetic fields associated with GSH 006−15+7 can be
determined from its Faraday thickness. To compute this
magnetic field strength we evaluate Equation 3 along the
line of sight:
B‖ =
φ
0.812〈ne〉L (13)
where B‖ and 〈ne〉 are the line-of-sight of averages of the
magnetic field and the electron density, respectively.
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Figure 10. Posterior PDFs for two lines-of-sight in the f , c,
and ψ data. Blue: l, b = [4.96 deg, −18.0 deg], Orange: l, b =
[0.0 deg, −24.96 deg]. Recall that f is the depolarisation factor, c
is the fraction of foreground polarisation, and ψ is the amount of
Faraday rotation through the screen.
The problem that Equation 13 presents is a ambiguity
between φ, 〈ne〉, and L when trying to determine B‖ . We
have already determined φ using the Faraday screen model,
which also sets the sign of the magnetic field along the line
of sight; as 〈ne〉, and L are positive definite.
To constrain the path-length through the shell (L) we
assume a simple spherical model. This model takes the path-
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Figure 11. First moment map of Faraday thickness of
GSH 006−15+7. A mask was applied to remove regions where the
Faraday screen model does not apply.
length through the shell to be the chord between two con-
centric spheres. These spheres are co-centred and have an
inner and outer radius such that they align with the cen-
tre, and the inner and outer bound of GSH 006−15+7, as
observed in H i. This path length is also a function of the
distance to the centre of the shell. We provide a derivation
for this path-length in Appendix A2.
To obtain the electron density information various dif-
ferent methods can be employed, each with its own advan-
tages and disadvantages. We use the emission measure (EM)
as determined by Hα emission, following the procedure set
out by Harvey-Smith et al. (2011) and Gao et al. (2015).
Emission from Hα can be observed in a diffuse manner over
the entire sky; providing finely sampled spatial information
on electron density. GSH 006−15+7 is not clear in Hα how-
ever, which means associating emission with the shell is dif-
ficult. Additionally, as a thermal process, the Hα line is very
broad. This makes constraining the emission to a particular
velocity challenging; especially to velocities near the local
standard of rest. If instead we use velocity integrated Hα
observations, we would of course be including emission from
both in front of and behind our region of interest. In either
case, making use of H α emission will at least provide an
upper limit on the electron density. Computing an emission
measure also requires information in addition to Hα inten-
sity. As such, the uncertainty associated with the electron
density that is derived from an emission measure will be
high.
As an alternative, we did consider the electron den-
sity measured from the dispersion measure (DM) of pulsars
behind GSH 006−15+7. To obtain the required DM data,
we consult the ATNF Pulsar Catalogue (Manchester et al.
2005), and find thirteen pulsars within a 10 deg radius of the
centre of the spherical region of GSH 006−15+7†. Only three
of these pulsars have distance estimates independent of the
dispersion measure. Of these three, one sits on the other
side of the Galactic centre, meaning that most of its disper-
† Catalogue version: 1.57, Accessed 23rd of August 2017.
sion measure likely comes from the Galactic central region.
This makes any simplifying assumptions, such as a roughly
constant ne unusable. The other two pulsars sit in front of
the shell region. This means no usable electron density in-
formation was available from pulsar dispersion measures in
the region of the shell. We also considered electron density
information from other tracers such as S ii, S iii, and O ii.
However, we find from Shull et al. (2009) that intermediate
velocity observations of ionised tracers, from both the Hubble
Space Telescope and Far Ultraviolet Spectroscopic Explorer,
do not probe near to the Galactic plane, and thus exclude
the region around GSH 006−15+7. As each of these alterna-
tives cannot provide us with with a value of ne in the region
of GSH 006−15+7, we continue to use the EM to estimate
this value.
4.1.1 Emission Measure
The emission measure is defined as the path integral of n2e
along the line of sight:
EM ≡
∫ L
0
n2edr (14)
By constraining the limits of integration to within the path-
length of the shell (L), we limit the EM obtained to be from
the shell only. EM can be determined from observations of
Hα emission as follows (Haffner et al. 1998; Valls-Gabaud
1998; Finkbeiner 2003):
EM = 2.75T0.94 IHα exp [2.44E(B − V)]pc cm−6 (15)
Again, if we constrain the measured Hα emission to within
the shell, the resulting EM will be similarly constrained.
Where T4 is the thermal electron temperature in 104 K, IHα
is the Hα intensity in Rayleighs, and E(B − V) is the colour
excess (Finkbeiner 2003). Note that to use this method, we
require both an estimate of the electron temperature in the
warm ionised medium (WIM) and measurements of the ex-
tinction from dust reddening. Here we assume a typical WIM
temperature of T4 ≈ 0.8 × 104 K, following Gao et al. (2015)
and Haffner et al. (1998). We obtain the colour excess from
infrared dust measurements by Schlegel et al. (1998) and
find a mean value within the region of the shell of ∼ 0.17.
To find the electron density associated with the super-
shell we adopt the same formalism as Harvey-Smith et al.
(2011). We allow the thermal electrons to be ‘clumped’ along
the line of sight. Outside of a clump we take ne = 0 and
within a clump ne = ne,c . Using this information, Equa-
tion 14 can be solved for the electron density inside a clump:
ne,c =
√
EM
feL
(16)
Note the addition of the thermal electron filling factor fe.
This term quantifies the line-of-sight distribution of thermal
electrons. If the electrons are uniformly distributed then fe =
1; however, if the electrons are ‘clumped’, or if the shell has
an ionised layer, then fe < 1. That is, the electron clumps
inhabit a column of feL along the line of sight. From this,
the average line-of-sight electron density is given by:
〈ne〉 = fene,c (17)
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Table 2. A summary of recent literature values of fe . Recall fe
is the filling factor of thermal electrons. (HVC - High velocity
cloud.)
fe Phenomena Work
0.04 ± 0.01 Mid-plane WIM Gaensler et al. (2008)
∼ 0.3 Off-plane WIM Gaensler et al. (2008)
0.5 HVC McClure-Griffiths et al. (2010)
0.1 H ii regions Harvey-Smith et al. (2011)
0.4 - 1 W4 Superbubble Gao et al. (2015)
≥ 0.24 Gum nebula Purcell et al. (2015)
0.5 Magellanic Bridge Kaczmarek et al. (2017)
Combining Equations 13, 16, and 17 yields the line-of-sight
magnetic field as:
B‖ =
φ
0.812
√
EM feL
(18)
We use the EM as obtained from velocity separated
Hα data, as it provides a more accurate estimate of the
electron density within GSH 006−15+7. We obtain the kine-
matic data from the Wisconsin H-Alpha Mapper (WHAM)
survey (Haffner et al. 2003, 2010). The Hα data from the
WHAM kinematic survey will produce an upper limit on the
electron density due to its broad line-width. We provide a
map of EM in the Appendix in Figure A3. In the shell we
find a mean EM of 12.6pc cm−6.
We now compute the line-of-sight magnetic field mag-
nitude (B‖) using Equation 18, taking a distance to the shell
of 1.5 kpc to evaluate the line-of-sight distance L (see Sec-
tion A2). We note here that the B‖ we obtain is a lower
limit, as the electron density derived from EM is an upper
limit. In addition fe is not constrained, we therefore present
B‖ as a function of this factor. The spatial distribution of B‖
over the shell for each value of fe is given in Figure 12. We
also indicate in this Figure that the mean 1σ error in B‖ is
∼ 1.2 µG when fe = 0.5. As expected from Equation 18, the
magnitude of B‖ remains relatively constant as a function of
fe, until the filling factor becomes very small.
The value of fe is not well constrained, and as such a
value is often assumed in the literature. A value of fe = 1, im-
plying a uniform distribution of electrons, is unlikely; as are
small values of fe, since they imply large magnetic fields for
a given Faraday depth measurement. We summarise some
recent values of fe from the literature in Table 2. Purcell
et al. (2015) determined fe from an MCMC model fit to their
data; as such, they constrain lower limit of fe = 0.24 and a
mean value of fe = 0.3. They note, however, that a value of
around 0.5 provided a better match to dispersion measure
data from pulsars. Kaczmarek et al. (2017) adopted their
value of 0.5 following McClure-Griffiths et al. (2010). We
note that some of these values are not directly derived, but
rather chosen based on previous studies. Considering these
values, and the range over which our derived field strength
remains relatively constant, we will now adopt a value of
fe = 0.5 for further analysis.
4.2 Line of Sight Magnetic Field Structure
We provide a map of the line-of-sight magnetic field struc-
ture in Figure 13a taking fe = 0.5 and a distance of 1.5 kpc.
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Figure 12. Distribution of the line-of-sight magnetic field (B‖) as
determined by the velocity separated Hα, using Equation 18. We
find distribution from the histogram of B‖ between ±5µG, with a
bin-width of 0.1µG, across the region of the shell, for each value
of fne . Note that the spread of values here does not necessarily
correspond to error in B‖ , rather it shows the range of values
found in the region in GSH 006−15+7. The ‘typical error’ shown
is the mean error in B‖ when fne = 0.5.
The uncertainty of the values in this map is provided in
Figure 13b. The structure presented in the map of the line-
of-sight B-field appears to follow the general trend of away
from the observer (negative) in the bottom-left of the shell;
transitioning to toward the observer in the top-right of the
shell. This structure is, upon simple consideration, consis-
tent with a field that is azimuthally wrapped around the
surface of the shell.
Stil et al. (2009) analysed the role of magnetic fields in
expanding superbubbles through MHD simulations. Their
work also provided simulations of RM signatures from su-
perbubbles expanding from the Galactic plane with a mag-
netic field parallel to the plane. This provides two examples
to compare with our Faraday depth map (Figure 11): an
observation looking perpendicular to the Galactic magnetic
field, and an observation looking parallel. In the former case,
the strongest RM values are found in lines of sight through
the cavity of the simulated bubble. Most notably, the sign of
the RM in the shell of the bubble reverses along the line that
goes through the centre of the bubble, parallel to the exter-
nal field direction. In the case of observing parallel to the
Galactic magnetic field the RM values are greatly amplified
overall, and the wall of the bubble exhibits the strongest
RM signature. Between these two scenarios, our Faraday
thickness map is in better agreement with a shell which has
expanded into a field perpendicular to the line of sight as
we see a very clear sign change in the shell from lower left
to upper right. It is likely, however, that we observe this
shell at some angle between the two cases described by Stil
et al. (2009). This is an area that could be further probed
by simulation work. If the geometry and orientation of the
shell can be well determined, and therefore the total mag-
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Figure 13. (a) The line-of-sight magnetic field map through GSH 006−15+7. Here B‖ is determined from Equation 18 using EM from
velocity separated Hα, taking fe = 0.5 and a distance to the shell of 1.5 kpc. We provide a map of EM in Figure A3. Note that some
extreme values of the magnetic field occur towards the outer boundary of the shell, and arise due to the path-length L becoming very
small at the limb. (b) The map of uncertainty in the line-of-sight magnetic field.
netic field structure, this information could provide insight
into the Galactic field into which the shell expanded.
4.3 Implications
4.3.1 Dynamical Role of B-fields in GSH 006−15+7
The dynamical importance of magnetic fields in an ionised
medium can be quantified by the plasma beta (βth):
βth =
Pth
Pmag
(19)
which is the ratio of the thermal pressure (Pth) to the mag-
netic pressure (Pmag). In this analysis the plasma beta quan-
tifies the dynamical role of the magnetic fields in the shell
itself.
We will assume that the shell contains a mixture of a
warm neutral medium (WNM) and WIM as described by
Heiles & Haverkorn (2012) and that the value of B‖ remains
the same in both phases. This is motivated by the obser-
vations of H i and Hα in this region. We are therefore also
assuming that the measured H i emission, Hα emission, and
Faraday depth, all arise from the same location. The ther-
mal pressure is therefore the sum of the partial pressures of
the ionised (Pth,i) and neutral media (Pth,n):
Pth = 〈Pth,i〉 + 〈Pth,n〉 (20)
where the terms in angular parentheses refer to the line-
of-sight averages of those values. The partial pressures are
given by:
〈Pth,i〉 = 2〈ne〉kTi = 2 fenekTi
〈Pth,n〉 = 〈nH 〉kTn
(21)
where ne is the electron number density derived from EM,
nH is the neutral hydrogen number density, k is Boltz-
mann’s constant, and Ti and Tn are the temperatures of the
ionised and neutral phase, respectively. We take values of
Ti = 8000K for the ionised medium and Tn = 6000K for the
neutral medium. We obtain the number density of neutral
hydrogen from the column density derived by Moss et al.
(2012) from GASS H i. They find a mean column density of
NH,av ∼ 2 × 1020 cm−2 in the shell of GSH 006−15+7. From
this, we find the line-of-sight averaged number density of H i
in the shell from:
〈nH 〉 =
NH,av
L
(22)
where L is the path-length through the shell (see Ap-
pendix A2). Note that L varies across the projected area of
the shell, therefore we also obtain a spatially varying value
of nH . In this region we find mean values of 〈ne〉 and 〈nH 〉 of
0.15 cm−3 and 0.28 cm−3, respectively. Recall, however, that
our value of 〈ne〉, as derived from EM, is an upper limit.
The magnetic pressure in the shell in given by:
Pmag =
B2tot
8pi
(23)
where Btot is the total local magnetic field. Our observations
have provided us with the line-of-sight field, however. If we
consider the case of an azimuthally wrapped magnetic field
within the shell, we expect the line-of-sight field to have a
distribution across the shell. That is, maximum when the
total field is aligned with the line of sight, and null when
the field is perpendicular. Additionally, as our model for the
path length through the shell has a hard boundary, the val-
ues of this length become very small towards the edge of the
shell and thus resulting in large |B‖ |. Overall what we expect
from the distribution of |B‖ | over the shell is a smooth peak
near small values of |B‖ |, a peak at the value which corre-
sponds to the field being aligned with the line of sight, and
a tail of more extreme values of |B‖ |. We find a similar dis-
tribution to this across GSH 006−15+7, as shown in the left
panel of Figure 14. This distribution is bi-modal; we inter-
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pret the first peak to correspond to regions where the total
field is close to perpendicular to the line of sight and the sec-
ond peak to where the total field is close to parallel. To find
the locations of these peaks we fit a double Gaussian (i.e. the
sum of two Gaussians) to the distribution. To obtain the un-
certainty of the peak value we perform the same analysis of
the distribution of |B‖ +σB‖ | and |B‖ −σB‖ |, as shown in the
middle and right-hand panels of Figure 14. From this we ob-
tain a value of the second peak of |B‖ |peak = 2.0+0.01−0.7 µG. The
error range given here includes uncertainties arising from our
best-fit φ value, 〈ne〉 estimate, and our model L. We now
assume that Btot = |B‖ |peak, since this value is likely associ-
ated with the total field being aligned with the line of sight
in the case of a coherent total field. Recall that as B‖ de-
pends on the value we found for EM, which is an upper limit,
the value of B‖ and our approximation of Btot are therefore
lower limits. We note it would be possible for a stronger
magnetic field to be obtained from our modelled Faraday
depth if the electron density or fe were demonstrated to be
smaller than our current estimates. Additional data would
be required, however, to motivate a different estimation.
We compute the mean plasma beta across
GSH 006−15+7 using both the ionised and neutral
partial pressures as described above. From this we obtain
a plasma beta of βth = 4+11−2 . We note that this value has
a high variance, which is due to the sensitivity of βth to
small values of Btot. Additionally, the value of βth is an
upper limit only, as Btot was a lower limit and 〈ne〉 was
an upper limit. The errors given here include uncertainties
in 〈ne〉, 〈nH 〉, and Btot. This value of βth implies that
magnetic field pressures in GSH 006−15+7 are dominated
by thermal pressures in the region of the shell. Due to the
large uncertainties involved it is hard to draw further con-
clusions regarding the dynamical role of magnetic fields in
GSH 006−15+7. Such analysis would also require additional
information about thermal pressures in the cavity of the
shell (Ferriere et al. 1991), which is beyond the scope of
this work. What is of note, however, is that despite how
relatively weak the magnetic fields in GSH 006−15+7 are,
this technique has allowed their detection.
4.3.2 Comparison to other results
Two structures of similar origin to GSH 006−15+7 have re-
cently had measurements of their associated B-fields. Gao
et al. (2015) analyse the magnetic fields associated with the
W4 superbubble, and Purcell et al. (2015) study the Gum
Nebula. Gao et al. (2015) find strong magnetic fields in asso-
ciation with the W4 superbubble (B‖ = −5.0 µG/
√
fe ± 10%,
Btot > 12 µG), which generally dominate the thermal pres-
sures in the Western wall of the shell. They also find that
towards the high-latitude region of W4 the magnetic fields
weaken; making the magnetic and thermal pressures compa-
rable. In the Gum Nebula, Purcell et al. (2015) find a total
magnetic field strength of Btot = 3.9+4.9−2.2 µG. From this they
compute a plasma beta βth = 4.8, which is relatively high,
meaning that the thermal pressures dominate the region,
similar to our findings for GSH 006−15+7.
To place these values in a broader context, we com-
pare these results to magnetic fields found in molecular and
H i clouds by Crutcher et al. (2010) and in H ii regions by
Harvey-Smith et al. (2011). In Figure 15 we add this work
on GSH 006−15+7, as well as the W4 and Gum Nebula re-
sults, to the comparison of density against magnetic field
strength. We find the H-nuclei number density (nH-nuclei) in
GSH 006−15+7 using nH-nuclei = 〈nH 〉 + 〈np〉 = 〈nH 〉 + fene,
where np is the number density of protons in the ionised
phase. We note that the largest objects appear in a cluster
together in the lowest density region of this Figure. The H ii
region that appears along with GSH 006−15+7, W4, and
the Gum Nebula, is Sivian 3; which is the largest H ii re-
gion analysed by Harvey-Smith et al. (2011). We find that
GSH 006−15+7 has comparable magnetic fields amongst
these objects, but is slightly weaker and occupies a lower
density regime. The resulting plasma beta for this object
is therefore indicative that thermal pressures dominate the
shell.
Finally, we compare the Faraday thickness derived from
the Faraday screen model with RMs from extragalactic
sources. If GSH 006−15+7 is the dominant Faraday compo-
nent along the line-of-sight, we expect to see evidence of it in
these data. We obtain the all-sky map of extragalactic RMs
from Oppermann et al. (2015). We find a correlation between
these extragalactic RMs and the Faraday thicknesses from
the screen model, as shown in Figure 16. There is signifi-
cant scatter present in this correlation; which is as expected
as extragalactic RMs probe the entire line-of-sight through
the Galaxy, and thus multiple Faraday components. We fit a
linear model to these data, and find that RM ∼ 0.6φ − 15.5,
with a coefficient of determination R2 = 0.4. The physical
reason for the slope correlation is not obvious, as a factor
of 1/2 is usually expected for regions of mixed emission and
rotation (e.g. Sokoloff et al. 1998).
5 Summary and Conclusions
We found the polarised signature at 2.3 GHz of Galactic
supershell GSH 006−15+7 in S-PASS. The morphological
correlation indicates a direct detection of the MIM in as-
sociation with this Galactic supershell. The ‘shadow’ of
GSH 006−15+7 is most obvious in the Stokes U images.
While there are signatures of the shell in polarised intensity
and in Stokes Q, they are not as obvious. This highlights
the importance of investigating multiple polarisation modes
when searching for polarised features.
We have provided a method of obtaining a Faraday
depth map from two single-frequency observations; modi-
fying the approach for modelling a Faraday screen. To esti-
mate the background synchrotron emission of this object we
used high-frequency polarisation observations from WMAP
K-band scaled to S-band. This has allowed us to obtain
Faraday rotation information with fewer assumptions than
just using single-frequency observations. This method can
be applied wherever a bright polarised background source
illuminates purely Faraday-rotating foreground object. The
source itself can be extended and complex in structure; so
long as the Faraday rotation in the screen remains between
−90 deg < ψ < +90 deg, the Faraday depth can be successfully
recovered. This condition can be verified through inspection
of a single-frequency polarisation-angle map. In Section 3.4
we describe our best-fit procedure, which we find to be ro-
bust and parallelisable on multi-core computers.
From this Faraday depth map we determine the line-
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Figure 14. The distribution of the absolute value line-of-sight magnetic field ( |B‖ |) across GSH 006−15+7. The left panel shows the
distribution of |B‖ | taking fe = 0.5 and a distance to the shell of 1.5 kpc (i.e. the distribution of values from Figure 13a). The middle and
right-hand panels show the distribution of |B‖ | plus and minus the error in B‖ (as shown in Figure 13b), respectively. Each distribution
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Figure 16. The comparison of extragalactic RMs from Opper-
mann et al. (2012) with the Faraday depth found from the Fara-
day screen model in the region of GSH 006−15+7. The solid red
line corresponds to a least-squares linear fit to the data.
of-sight magnetic field and structure in association with
the Galactic supershell GSH 006−15+7. We derive the line-
of-sight field in Section 4.1, and discuss the structure in
Section 4.2. We find a peak line-of-sight field strength of
|B‖ |peak = 2.0+0.01−0.7 µG. From these results we have gained
insight into the dynamical role of the magnetic fields asso-
ciated with GSH 006−15+7. In the region of the shell we
find that the magnetic pressures are likely dominated by
thermal pressures. The line-of-sight magnetic field structure
indicates that the Galactic magnetic field has a significant
component perpendicular to the line of sight in the region
of GSH 006−15+7.
We find that the line-of-sight field strength is compa-
rable to similarly sized objects with similar densities. This
indicates that by using diffuse polarisation observations we
are able to probe the magnetic fields in low-density regimes
of the ISM. The method we have developed has a number
of advantages in comparison to observations of point-source
RMs. Most relevant to this work is that our method allows
the Faraday thickness of a single, extended object to be con-
strained, even though it lies close to the Galactic plane.
As this object was illuminated by an extended, bright
polarised source in the background, we are still able to detect
Faraday rotation and assume a Faraday screen interaction.
Point-source RMs probe all Faraday depths along the line of
sight, which becomes very complex near the Galactic plane.
Secondly, the magnetic fields detected here are weak rela-
tive to most of the previous measurements from other ISM
sources reported in the literature. As such, we have shown
this method to be useful in the detection of weak magnetic
fields in large and diffuse areas.
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T-T plot steepens towards the Galactic plane; which is due to
non-thermal emission from warm gas in the disc. This emission,
as well as emission from point sources, also causes ‘filaments’ in
the T-T plot and increases the overall scatter.
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A Appendix
A1 T-T Plot
There is an increase in the slope of the T-T plot above
b ≈ −10 deg, as shown in Figure A1, which occurs above
TCHIPASS ≈ 5K. Additionally, there are multiple ‘bifurca-
tions’ present in the scatter, As such, the slope, as fitted to
this T-T plot, does not correspond to the synchrotron emis-
sion alone. Additionally, there is significant noise present
below b ≈ −10 deg in the WMAP data; resulting in a poor
fit with a coefficient of determination R2 = 0.5.
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A2 Derivation of path length through shell
To obtain the path length L through GSH 006−15+7 we con-
sider a spherical shell with an inner radius of Ri , a thickness
of Rs, and therefore an outer radius of Ro = Ri +Rs. We con-
sider both the near and far side of the shell. We also consider
the centre of the shell to be at a distance of dc from the Sun
and at a Galactic latitude of b = bc and longitude l = lc . Ini-
tially, we calculate L through the line through the centre of
shell at l = lc , and then use axisymmetry to find L over the
entire shell. Taking l = lc we obtain the following equation:
R2 = (r cos b − dc cos bc)2 + (r sin b − dc sin bc)2 (A1)
Where R = Ro = Ri + Rs for the outer boundary, and R = Ri
for the inner boundary. This simplifies to:
R2 = r2 − 2dcr[cos (b − bc)] + d2c (A2)
Now, solving for r
r = dc cos (b − bc) ±
√(
R2 − d2c sin2 (b − bc)
)
(A3)
The two exact solutions to this equation correspond to the
near (r−) and far (r+) intersections with the line of sight.
Such solutions only exist within the considered boundary
(outer boundary if R = Ro and inner boundary if R = Ri). So,
the path-length through the shell (L) is the chord between
these two boundaries and is given by:
L(lc, b) = (r+(Ro) − r+(Ri)) + (r−(Ri) − r−(Ro)) (A4)
when the line of sight intersects both boundaries. When the
line of sight intersects only the outer boundary the path
length is:
L(lc, b) = r+(Ro) − r−(Ro) (A5)
To obtain the path-length as a function of l and b (L(l, b)),
we assume spherical symmetry. Meaning we simply apply
our solution for L on the line l = lc axisymmetrically across
the entire region.
A3 Emission Measure map
Figure A3 shows the map of EM as obtained using Equa-
tion 15. This map has been smoothed to the spatial reso-
lution of WMAP and then further smoothed with a 1 deg
Gaussian to match the other data used.
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Figure A2. A map of the path-length (L) through
GSH 006−15+7, as modelled by Equation A4 and A5. Here we
adopt a distance to the shell of dc = 1.5kpc. The inner and outer
radii (Ri, Ro) were chosen to match the inner outer bounds of
the shell as projected on the sky. These have radii of 6.4 deg and
9.6 deg, respectively.
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Figure A3. Map of emission measure (EM) in the region of
GSH 006−15+7. The black dashed lines give the inner and outer
bounds of the shell.
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